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Abstract 
 
Colloidal semiconductor nanoparticles (quantum dots) have attracted a lot of interest in 
technological and biomedical research, given their potent fluorescent properties. However, the 
use of heavy metal-containing nanoparticles remains an issue of debate. The possible toxic 
effects of quantum dots remain a hot research topic and several questions such as possible 
intracellular degradation of quantum dots and the effect thereof on both cell viability and particle 
functionality remain unresolved. In the present work, poly(methacrylic acid)-coated CdSe/ZnS 
quantum dots were synthesized and characterized, after which their effects on cultured cells were 
evaluated using a multiparametric setup. The data reveal that the quantum dots are taken up 
through endocytosis and when exposed to the low pH of the endosomal structures, they partially 
degrade and release cadmium ions, which lowers their fluorescence intensity and augments 
particle toxicity. Using the multiparametric method, the quantum dots were evaluated at non-
toxic doses in terms of their ability to visualize labeled cells for longer time periods. The data 
revealed that comparing different particles in terms of their applied dose is challenging, likely 
due to difficulties in obtaining accurate nanoparticles concentrations, but evaluating particle 
toxicity in terms of their biological functionality enables an easy and straightforward comparison. 
 
 
 
 
 
 
1. Introduction. 
 
The use of colloidal nanoparticles (NPs) in technological and biomedical applications is vastly 
increasing [1, 2]. There are currently over 800 consumer products containing NPs including many 
foods, beverages and cosmetics. The nanotechnology industry is growing very rapidly, predicted 
to have a total value of $3.1 trillion by the year 2015 [3]. Currently, NPs are omnipresent in many 
different consumer products, but the number of biomedical applications is still limited due to 
several questions remaining on the possible induction of toxic side-effects by NPs [4-6]. 
Uncertainties regarding the safety of NPs are being fed by the continuous discovery of new 
pathways and mechanisms by which NPs may interfere with cellular wellbeing, which can either 
be beneficial for biomedical purposes or pose serious threats to human health [7]. One example is 
the recent finding that NPs can induce DNA damage and chromosome mutations, as shown for 
carbon nanotubes that were found to selectively stabilize human telomeric i-motif DNA and 
inhibit telomerase activity [8]. To progress towards use of NPs without risks, more data are 
required on the (toxic) effects of NPs on cells, tissues and whole organisms [9]. In order to fulfill 
the current needs in nanotoxicity research, NPs should be screened rapidly on a variety of cells 
under standardized conditions, enabling a comparison of data obtained for different materials and 
between different research groups [10]. In this view, we recently established a multiparametric 
methodology that looks at the interactions between cultured cells and NPs in order to get a 
profound knowledge of the possible effects of these materials on cultured cells [11]. Using a 
variety of cell types that have shown great potential for nanotoxicity research [12-14], being 
primary human umbilical vein endothelial cells (HUVECs), murine C17.2 neural progenitor cells 
and rat PC12 pheochromocytoma cells, the obtained results are representative for a wide variety 
of cell types. This methodology therefore allows for determining the non-cytotoxic levels of NPs 
(i.e. the concentration of NPs appropriate for cell labeling applications) and additionally helps in 
unraveling the mechanisms that are involved in the cytotoxic profile of the NPs under 
investigation. Furthermore, by comparing the data obtained against data for other NPs that have 
been tested under identical conditions, physicochemical features of the NPs that contribute to 
their cytotoxicity can be defined, paving the way for a more rational and safer NP design. 
 One important aspect with respect to rigorous NP toxicity testing is the design, 
purification and characterization of the NPs under investigation [15]. If any cytotoxic effects are 
to be ascribed to specific physicochemical features of the NPs, it is of utmost importance to test 
well-characterized NPs free of contaminants or impurities [16]. In this direction, 
poly(methacrylic acid) (PMA)-coated CdSe/ZnS core-shell quantum dots (QDots) are a useful 
system, as these NPs are well defined and have been extensively characterized. QDots are small 
semiconductor NPs that possess several exciting features such as high photostability, narrow and 
tunable emission spectra and high brightness [17]. Owing to these properties, QDots have shown 
great potential for many biomedical applications, including cell labeling applications [18-21], 
long-term tracking of (single) molecules [22], in vivo imaging [23, 24] and photodynamic therapy 
[25, 26]. However, despite their excellent photophysical properties, their toxicity, in particular 
due to the release of Cd2+ ions [27, 28], remains an issue of debate [29, 30]. 
2. Materials and Methods. 
2.1. Nanoparticles. 
CdSe/ZnS colloidal nanoparticles were synthesized and made water-soluble as described in the 
Supplementary Information. The nanoparticles were carefully characterized as also described in 
full detail in the accompanying Supplementary Information.  
2.2. Cell culture. 
C17.2 neural progenitor cells and PC12 cells are maintained in high glucose Dulbecco’s 
Modified Eagle’s Medium (DMEM), supplemented with 10% fetal bovine serum, 5% horse 
serum, 2 mM L-Glutamine and 1% Penicillin/Streptomycin (Gibco, Invitrogen, Merelbeke, 
Belgium). Cells were maintained in a humidified atmosphere at 5% CO2 and fresh medium was 
given every other day. C17.2 cells were passaged (1/10) when reaching 90% confluency. PC12 
cells were grown in 25 cm² cell culture flasks (Corning, Amsterdam, The Netherlands) that were 
coated with collagen (rat tail collagen type I, Invitrogen, Belgium) and passaged (1/5) when 
growing in small clumps (approximately 5 cells/clump and reaching 70-80% confluency). Fresh 
medium was given every other day. 
For some long-term experiments, such as the effect of intracellular pH on Cd2+ in time, and the 
toxicity derived from this free Cd2+, non-proliferating cell cultures are required as dilution of the 
number of particles per cell due to cell division abolishes any attempt to analyze these 
parameters. Therefore, in the current study, non-proliferating cell populations were established to 
enable to investigate the time-dependent effects of the intracellular environment on QDot 
functionality and toxicity. Next to analyzing these effects without the problem of exponential 
QDot dilution, these conditions also better mimic the in vivo conditions where autologous cells or 
stem cells after transplantation show minimal proliferation.  To establish non-proliferating cell 
populations, cells were exposed with 60 μM Apigenin (Sigma-Aldrich, Bornem, Belgium) 
together with the Sil NP exposure. After removal of the medium, fresh media containing 60 μM 
Apigenin was used, where media were replaced for 50% every other day with fresh Apigenin-
containing medium for the duration of the experiments. Under these conditions, cell death was 
found to be minimal and cell proliferation was reduced to approximately 9% of the normal value. 
Furthermore, removal of the medium with normal cell culture medium not containing any 
Apigenin resulted in a recovery of cell proliferation to near-control levels after approximately 
three days. 
 Primary human umbilical vein endothelial cells (HUVECs) were kindly provided by Dr. 
Aldo Ferrari (ETH Zurich, Switzerland). For cultivation, cells were kept in 75 cm² cell culture 
flasks (Corning, Amsterdam, The Netherlands) coated with collagen (rat tail collagen type I, 
Invitrogen, Belgium) prior to cell seeding. The cells were maintained in endothelial cell basal 
growth medium and growth supplement (Cell Applications, Tebu-Bio, Le Perray en Yvelines, 
France) and passaged (1/5) when reaching 80-90% confluency. Every other day, fresh medium 
was given. For HUVEC cells, the Apigenin treatment resulted in slight toxic effects and 
proliferation could be impeded better using serum-free conditions. To establish non-proliferating 
HUVEC cultures, cells were given endothelial cell serum-free defined medium (Cell 
Applications, Tebu-Bio, Le Perray en Yvelines, France) when reaching high levels of confluency. 
Confluent HUVEC monolayers could then be maintained for at least one week without any 
observable signs of cell death or ROS induction.  
 
2.3. Cell-nanoparticle interaction studies. 
The following cell-NP interactions were studied, where a full methodology can be found in the 
Supplementary Information that accompanies this manuscript: 
2.3.1. Intracellular QDot localization. 
To evaluate possible endosomal localization of the QDots, C17.2, HUVEC or PC12 cells were 
seeded in collagen-coated 35 mm diameter glass bottom MatTek dishes (MatTek Corporation, 
Ashland, MA, USA) at 4*104 cells/dish in 1.5 mL of full culture medium. Cells were allowed to 
settle overnight prior to being incubated with the lipophilic membrane tracer dye 3,3′-
dioctadecyloxacarbocyanine perchlorate (DiO; Molecular Probes, Invitrogen, Belgium) for 30 
min at 2.5 µg/mL. Next, a mixture of the QDot at 15 nM and the lipophilic dye DiO (2.5 µg/mL) 
in full cell medium was prepared and added to the cells for 30 min at 37 °C at a humidified 
atmosphere. Subsequently, the media were removed, cells washed three times with PBS and 
fixated with 4% paraformaldehyde (PFA) for 15 min at ambient temperature prior to visualization 
using a Nikon Cs1 confocal laser scanning microscope (Nikon Belux, Brussels, Belgium). 
Cellular uptake of the PMA-coated QDots was also evaluated using transmission electron 
microscopy, following 24 h exposure oft he various cell types to 10 nM of QDots, as described in 
the Supplementary Information. 
 
2.3.2. Quantitative determination of cellular QDot levels. 
 
The number of QDots per cell was determined by measuring the cellular Cd2+ levels using the 
Measure-iT kit (Molecular Probes, Invitrogen, Merelbeke, Belgium) as described in the 
Supplementary Information. 
 
2.3.3. Effect of pH on QDot stability. 
 
The effect of pH on QDot fluorescence intensity and release of Cd2+ ions was determined by 
preparing 3 buffer solutions of pH 7.4, 5.5 and 4.5, respectively; after which the QDots (5 nM) 
were exposed to these buffers for a period up to 5 days. Every 24 h, fluorescence intensity or 
Cd2+ release was measured, as described in the Supplementary Information. 
 
2.3.4. Determination of intracellular QDot degradation. 
 
C17.2, PC12 or HUVEC cells were seeded in 75 cm² cell culture flasks at a density of 2.5*106 
cells/flask and allowed to settle overnight. Then, the cells were given fresh medium containing 10 
nM of QDots and allowed to incubate for 24 h. For C17.2 and PC12 cells, their medium was 
supplemented with 60 µM Apigenin. For HUVEC cells, cells were allowed to form confluent 
monolayers after cell labeling and medium was transferred to serum-free defined medium for 
culture of non-proliferative HUVECs. Next, media were aspirated, cells washed twice with PBS 
and fresh media optimized for non-proliferating cultures was given as described above after 
which the cells were kept in culture for the duration of the experiment. After 1, 2, 3, 4 and 5 days 
of further culture under proliferation-restricted conditions, cells from the various flasks were 
lifted and centrifuged at 0.4 rcf. The cells were redispersed in PBS and counted using a Bürker 
chamber. Then, 2*106 cells were taken, which were centrifuged again after which 50 µL of 
DMSO was added to every pellet to lyse all cells. A 10 µL aliquot was collected from every 
sample and transferred to wells of a 96-well plate after which 200 µL/well of the Measure-iT kit 
was added and Cd2+ concentrations were measured according to the manufacturer’s instructions 
(ex: 490 nm; em: 520 nm) using a Wallac Envision plate reader instrument. The Cd2+ 
concentrations were determined using the Cd2+ calibration curve which is part of the kit. Please 
note that as this is an end-point assay, the samples measured after 1, 2, 3, 4, and 5 days were all 
obtained from different flasks. Data are expressed as mean + SEM for three independent 
experiments. 
Along with the determination of free cellular Cd2+ levels, the total Cd2+ levels were determined at 
the same time points as described above. These data revealed no significant differences in the 
total Cd2+ content (both free and QDot-associated) at the different time points. Previous 
experiments furthermore revealed no interference of the QDots themselves with the assay readout, 
see Supplementary Information Section V. 
For CdCl2-treated cells, a similar approach was followed, where cells were incubated with CdCl2 
at different concentrations (0, 1, 5, 20, 50, 100, 250 or 500 nM) for 24 h after which the cells 
were washed twice with PBS, lifted and centrifuged at 0.4 rcf. The cells were redispersed in PBS 
and counted using a Bürker chamber. Then, 2*106 cells were taken, which were centrifuged again 
after which 50 µL of DMSO was added to every pellet to lyse all cells and Cd2+ concentrations 
were then determined as described above. 
 
2.3.5. Determination of cell viability. 
 
Cell viability for all three cell types was assessed using an MTT assay, both in proliferative and 
in non-proliferative cell populations. This assay was performed both for cells exposed to QDots 
and cells exposed to CdCl2. A full description of both methodologies can be found in the 
accompanying Supplementary Information. 
 
2.3.6. Determination of reactive oxygen species. 
 
Induction of reactive oxygen species for all three cell types was assessed using 10 µM 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular 
Probes, Invitrogen, Merelbeke, Belgium), both in proliferative and in non-proliferative cell 
populations. This assay was performed both for cells exposed to QDots and cells exposed to 
CdCl2. A full description of both methodologies can be found in the accompanying 
Supplementary Information. 
 
2.3.7. Determination of mitochondrial membrane potential and DNA damage. 
 
For these studies, cells were incubated with the PMA-coated QDots for 24 h at various 
concentrations (from 0 to 30 nM) after which mitochondrial membrane potential was evaluated 
spectrofluorometrically using 20 µM JC-10 dye and DNA damage was assessed by staining for 
phosphorylated -H2Ax using fluorescent antibodies followed by fluorometric plate reading as 
described in full in the Supplementary Information. 
 
2.3.8. Determination of HUVEC cell morphology. 
 
The morphology of HUVEC cells was evaluated by exposing the cells to the PMA-coated QDots 
for 24 h at concentrations at which no acute toxicity was noticed (up to 20 nM), after which cells 
were stained for Tubulin and F-Actin and visualized using a Nikon Cs1 confocal laser scanning 
microscope as described in the Supplementary Information. 
 
2.3.9. Determination of PC12 functionality. 
 The ability of PC12 cells to induce neurite sprouting was evaluated after exposing the cells for 24 
h to the PMA-coated QDots at concentrations at which no acute toxicity or effects on cell 
morphology were noticed (up to 10 nM). After QDot-exposure, the cells were incubated with 
nerve growth factor for 48 h and stained for -tubulin followed by confocal laser scanning 
analysis as described in the Supplementary Information. 
 
2.3.10. Determination of QDot transfer in proliferating cells. 
QDot distribution in proliferation cells was evaluated as follows: C17.2, PC12 or HUVEC cells 
were seeded at 1.25*105 cells/flask (5 mL total medium) and allowed to settle overnight after 
which the cells were incubated with the QDots at 0 or 2 nM for 24 h. Following incubation, 
media were aspirated, cells washed twice with PBS, lifted by trypsin and kept in culture in full 
medium, without any QDots, where for half of the dishes, cells were reseeded in MatTek dishes 
at 2.5*104 cells/dish and 1.25*105 cells/flask every other day either at the odd or even days after 
QDot exposure. The cells reseeded in the flasks were kept in culture for 2 more days and then 
treated similarly for the duration of the experiment (a total of 9 days), where the MatTek seeded 
cells were allowed to settle for 2 h. Prior to analysis, media were removed, cells washed three 
times with PBS, fixed in 2% PFA for 20 min at ambient temperature, permeabilized in 0.1% 
Triton X-100 for 15 min at ambient temperature. Cell nuclei were then counterstained using 
DAPI (300 nM; 5 min) after which the dishes were stored at 4°C until being viewed by 
epifluorescence microscopy (Nikon Cs1). 
 The number of QDot positive cells was determined by analyzing the microscopy images 
using ImageJ. From the collected images, more than 250 cells/condition out of 3 independent 
experiments were analyzed for the total number of cell nuclei and the number of QDot-positive 
cells. Data are expressed as mean + SEM and are gathered for more than 250 cells analyzed per 
condition. Data are given as the number of QDot positive cells over the total number of DAPI-
stained cells. 
2.4. Statistical analysis. 
All data are expressed as mean + SEM unless indicated otherwise and data were analyzed using 
one-way analysis of variance (ANOVA). When comparing different QDot concentrations to the 
same control group (the reference group), the Dunnett post-hoc analysis method was used. In all 
cases, the degree of significance is indicated when appropriate (* : p < 0.05; ** : p < 0.01; *** : p 
< 0.001). 
 
3. Results and Discussion. 
3.1. Nanoparticle characterization. 
The synthesis of the PMA-QDots used in the present work has been well-documented in multiple 
studies. The PMA-QDots have been thoroughly characterized and display a decent batch-to-batch 
reproducibility [18, 28, 31]. The QDots used in the present study consist of spherical CdSe/ZnS 
core-shell structures with a diameter dc of the inorganic core-shell structure of around 4.7 + 0.9 
nm diameter, as assessed by transmission electron microscopy (Supporting Figure S2), with 
initially hydrophobic surfactant capping. These QDots are overcoated with PMA molecules, 
which are amphiphilic. The hydrophobic sidechains of PMA can interdigitate the hydrophobic 
surfactants on the original QDot surface, while the hydrophilic backbone renders the resulting 
QDots watersoluble [29]. Upon applying the PMA coating and transferring the QDots to an 
aqueous environment (10 mM phosphate buffered saline (PBS), pH 7.4), QDots with a 
hydrodynamic diameter of dh 11 + 3 nm and a zeta potential of -18 + 1 mV were obtained, as 
determined by dynamic light scattering (DLS) and electrophoretic mobility measurements, which 
is in line with previous reports. In PBS, the QDots remained stable in suspension for at least 3 
months without any detectable agglomeration. The particles have a maximal emission at 597 nm 
and a quantum yield of 6.7%. 
3.2. Cellular uptake of PMA-coated QDots. 
In view of cell labeling and NP-toxicity studies, cell uptake levels and intracellular localization of 
the QDots must be carefully evaluated. Upon incubating the cells with 15 nM QDots, which is a 
typical QDot concentration used for cell labeling [18], confocal microscopy revealed 
endolysosomal localization of the QDots in all three cell types (Figure 1A) as is commonly 
observed for NPs [32-34]. For endosomal visualization, the lipophilic dye 3,3′-
dioctadecyloxacarbocyanine perchlorate (DiO) was used. As this dye eventually will stain 
multiple intracellular compartments, the exposure time of the cells was kept low (30 min) in 
which case mostly endosomes will be stained positive. Additionally, the QDots themselves were 
only allowed to be taken up by the cells for 30 min, resulting in relatively low uptake values 
compared to data obtained after longer incubations (see, for instance, Figure 4). Note that due to 
the resolution limit of optical microscopy no individual QDots inside the endosomes can be 
resolved, and that the fluorescence signals originate from clusters of QDots within the same 
endosomal vesicles [35]. In order to obtain more quantitative information, the level of cell-
associated Cd2+ was determined using a previously validated spectrophotometric technique [36], 
as described in the supporting information. In short, this fluorescent dye-based technique makes 
use of an increase in fluorescence that occurs when the dye binds free Cd2+ ions and has been 
used by multiple groups [32, 36]. Upon acidic digestion of cell-associated QDots, the level of 
free Cd2+ is determined, from which the number of QDots is calculated using a dilution series of 
the QDot stock treated under identical conditions. The accuracy of this quantitative assessment 
therefore depends on the intrinsic problems associated with determining QDot concentrations and 
determining QDot-associated Cd2+ levels [16]. Therefore, the obtained absolute values are prone 
to error. However, relative values can be used for comparative purposes inbetween different 
experiments using the same samples. Quantitative determination of cellular QDot levels upon 24 
h exposure to various QDot concentrations revealed a concentration-dependent, sub-linear 
increase in the number of QDots per cell as well as the total number of cell-associated QDots 
(Figure 1B,C), suggestive of a saturable endosomal uptake mechanism for the QDots. 
Interestingly, C17.2 and HUVEC cells had similar uptake levels, whereas PC12 cells had 
ingested lower numbers of QDots, which has been observed for various types of NPs [14, 37]. 
This is likely due to the smaller overall size of the PC12 cells and their smaller surface area, 
resulting in a reduced area of interaction of NPs with the cell membrane, hereby impeding NP 
uptake. 
As the lipophilic dye DiO and the QDots could only be used for short exposure times, the 
intraendosomal localization of the QDots at later time points was further shown by transmission 
electron microscopy of the 3 different cell types, following a 24 h exposure to the QDots at 10 
nM. This slightly lower concentration was selected to avoid conditions at which acute toxic 
effects occur, as this might lead to artifacts in terms of cell organelle structure and organization. 
Figure 2 shows that for all three cell types, the QDots reside in vesicular structures, bearing the 
morphological features of endosomal or lysosomal compartments. Together, these data indicate 
that the particles are taken up through the endosomal pathway and finally reside in the 
endolysosomal compartment, where they will be subjected to lower pH values, different ionic 
strengths and different protein compositions than in the extracellular or cytoplasmic environment. 
3.3. Effect of pH-mediated QDot degradation on Cd2+ release and fluorescence intensity. 
For cadmium-based QDots, one primary cause of toxicity has been suggested to be free Cd2+ ions 
[27, 28], a well-known metal toxicant [29, 38]. However, it also has been shown that a ZnS shell 
around the CdSe core slows down corrosion of the QDots and thus reduces cytotoxicity [28]. By 
using the fluorescent dye-based assay, the presence of free Cd2+ ions in the 2 µM QDot stock 
suspension was evaluated, showing levels of 3.9 µM of free Cd2+. Comparison to the Cd2+ 
concentration after acidic digestion of the QDots, as determined with the same assay, 
demonstrates that in neutral aqueous solution approximately 1.6 % of the total Cd2+ content of the 
QDots is present as free Cd2+, the rest is bound to the QDots. Please note that this percentage may 
depend on the QDot concentration. Under diluted conditions the equilibrium can shift towards a 
larger percentage of dissolved Cd2+. In previous work we calculated the percentage of Cd2+ which 
is on the surface of the CdSe core to be around 4% (cf. the Supporting Information). Thus around 
40% of the surface Cd2+ atoms from the CdSe cores (under the ZnS shell) in the 2 µM QDot 
stock solution had dissolved under equilibrium conditions. 
Free Cd2+ has been found to be able to affect cells starting from concentrations of 1 µM, but this 
value has been found to be dependent of cell type and conditions of incubation [28]. In context 
with the determined value of 3.9 µM of free Cd2+ in the stock solution and the further dilution of 
the QDots in cell medium prior to cell labeling (at least by 100-fold) this suggests that the free 
QDot-derived Cd2+ (in the cell medium) is likely not to be solely responsible for acute cytotoxic 
effects. Although the dilution of the QDots will shift the equilibrium between free and NP-
associated Cd2+, the high dilution levels used here will likely not shift the equilibrium to such 
extent that more than 1 µM of free Cd2+ could be obtained. This was further verified by exposing 
cells for 24 h to pre-conditioned medium that was previously exposed to the QDots at the 
concentrations used for cell labeling (up to 20 nM) for 24 h and was subsequently 
ultracentrifugated at 115584 g. This medium then only contained free ions derived from the 
diluted QDot stocks, which was found not to result in significant effects on cell viability 
(Supporting Figure S5). 
Upon endosomal uptake, the QDots will however be exposed to varying environmental pH 
values, ranging from 7.4 for extracellular medium to 4.5 in the lysosomes. As acidic conditions 
are known to induce acid etching of the QDot surface and hereby release Cd2+ [37, 39], the effect 
of pH on Cd2+ release was evaluated using previously optimized endosomal-pH buffer systems 
[36] (see the Supporting Information for full experimental details). Figure 1D shows a clear pH-
dependent release of Cd2+ under these cell-free conditions as a function of time, resulting in 
approximately a 15-fold increase in Cd2+ levels after 5 days at pH 4.5 compared to 5 days at pH 
7.4. 
The degradation of the QDots is also reflected in their fluorescence intensities, that rapidly drop 
upon exposure to lower pH values, but further decrease in time as a result of QDot surface 
etching (Figure 3A). Transferring the QDots to PBS at pH 7.4 restores the initial loss of 
fluorescence intensity back to near control levels, whereas for QDots that were exposed to acidic 
environments for several days, the fluorescence intensities could not be fully recovered 
(Supporting Figure S4). Additionally, the effect of the low pH has also been investigated using 
TEM, where micrographs were taken of QDots in organic phase (Figure 3B1) and of the same 
QDots after 2 days exposure to pH 3 (Figure 3B2). The data clearly indicate changes in the shape 
of the QDots after exposure to low pH values, which is consistent with surface etching of the 
QDots and associated release of Cd2+ ions. To evaluate the extent and kinetics of intracellular 
QDot degradation, the level of intracellular Cd2+ was evaluated in non-proliferating cells, 
established as previously described (see Supporting Information for a full experimental 
methodology) [36]. Non-proliferating cells were used to enable an accurate follow-up of Cd2+ 
release in cells as a function of time, while minimizing the effect of QDot dilution due to cell 
division. The data show a clear time-dependent increase in cellular Cd2+ (only free Cd2+, not 
QDot-associated Cd2+) the level of which also correlated with intracellular QDot levels (Figure 
4). 
3.4. Effects of QDot degradation on cell viability. 
Next, the cytotoxic effects of the QDots were evaluated, revealing a concentration-dependent 
toxicity in all three cell types, starting from 20 nM or higher for C17.2 and HUVEC cells and 30 
nM for PC12 cells (Figure 5A). The latter is likely explained by the lower levels of cell-
associated QDots for the PC12 cells (Figure 1B). Interestingly, when non-proliferating cells were 
loaded with QDots, the cytotoxic effects of the QDots significantly augmented in time, in close 
correlation with the elevated Cd2+ levels (Supporting Figure S6). When using CdCl2 as a source 
of free Cd2+, only minimal cytotoxic effects were observed. Figure 6 shows the intracellular level 
of Cd2+ measured in C17.2 cells after 24 h exposure to CdCl2 at various concentrations. The data 
reveal that at the highest dose (500 nM) CdCl2), the intracellular level of Cd2+ was substantially 
higher than the level obtained when cells were exposed to QDots (Figure 4C). Therefore, the 
data collectively show that the toxicity induced by Cd2+ ions by CdCl2 addition is less substantial 
than the toxicity induced by Cd2+ derived from intracellular QDot degradation. Caution must be 
considered when trying to explain the lack of effect of CdCl2 at the “same intracellular 
concentrations” as only free Cd2+ was considered and the Cd2+ still in the QDots, or the ions 
present on the QDot surface were not taken into account, which may all play a significant role in 
QDot-mediated toxicity. However, the low effects of free Cd2+ at high intracellular levels given 
by CdCl2 suggest that other than immediate toxicity of free Cd2+, different mechanisms appear to 
be contributing to the QDot-induced toxicity (Supporting Figure S7, S8). One possible 
explanation for the clear correlation between QDot-induced toxicity and intracellular QDot-
derived Cd2+ levels, lies in the endosomal enclosure of the QDots [36]. Where Cd2+ derived from 
CdCl2 can more freely distribute throughout the cell cytoplasm and will be taken up by the cell in 
a short time span, this is not the same for Cd2+ derived from cadmium-based QDots. The 
intraendosomal degradation of the QDots may likely result in a more heterogeneous distribution 
of Cd2+, with very high local Cd2+ concentrations in a confined space (endosome) that easily 
exceed the toxic threshold, thereby affecting cell homeostasis. Additionally, the Cd2+ derived 
from QDots is gradually released over time and will immediately be subjected to a degradative 
environment of low pH, unlike the Cd2+ ions that are derived from CdCl2. The presence of the 
ions in the low pH environment of the endosomes at high local concentrations may result in 
higher toxic effects than more homogeneously distributed Cd2+. Furthermore, NPs such as QDots 
are known to affect cellular wellbeing, for instance by the induction of ROS. When cells are 
already subject to stress induced by the intracellular presence of NPs, the additional presence of 
Cd2+ will likely result in toxic effects more quickly than the same levels of Cd2+ would in cells 
that have no other stress inducers. This hypothesis also supports the earlier work of other groups 
[40, 41] who found that intracellular Cd2+ release was more toxic than extracellular Cd2+. 
These data collectively show that minor toxic effects occur at concentrations of 500 nM of free 
Cd2+. Compared to the QDots, similar minor toxic effects were noticeable at concentrations of 10 
nM. Whereas the amount of free intracellular Cd2+ derived from the QDots was much lower than 
Cd2+ levels derived from CdCl2, the total amount of Cd2+ added was much higher in the case of 
the QDots (for 10 nM QDots; an experimental value of 1.32 µM Cd2+ was obtained). Based on 
these values, it can be concluded that the majority of QDot-associated Cd2+ is not released and 
remains confined within the QDot core. These ions do not appear to play any major role in the 
toxicological effects of Cd2+ as when comparing the toxicity of CdCl2 and QDots based on the 
total amount of Cd2+ added, the QDots display less toxicity. 
 
3.5. Effects of QDots on oxidative stress. 
To further test this hypothesis, the effect of CdCl2 and QDots on oxidative stress were evaluated 
in non-proliferating cells, indicating a clear concentration-dependent induction of reactive oxygen 
species (ROS) for either CdCl2 or QDots (Figure 5B, Supporting Figures S8, S9). However, for 
the QDots, the level of ROS also increased in time, which is in line with the increasing Cd2+ 
concentrations. As the level of ROS is higher for the QDots than for CdCl2, this supports our 
hypothesis on local high Cd2+ concentrations obtained upon intraendosomal QDot degradation. 
When cells were co-incubated with 5 mM N-acetylcystein (NAC), an FDA-approved free radical 
scavenger, ROS levels were reduced to near control levels (Supporting Figure S8). The addition 
of NAC was also able to partially restore cell viability (Supporting Figure S6), indicating that 
ROS are an important mediator in QDot-induced toxicity, but other mechanisms must also 
contribute to the overall cytotoxicity. 
To evaluate whether the elevated ROS levels have any secondary effects on cell physiology, 
mitochondrial membrane potential (m) and DNA damage were evaluated. The m was 
evaluated using the JC-10 dye, which remains in the cytoplasm as green monomers until it is 
taken up by healthy mitochondria with a normal m, which will make the dye aggregate and its 
fluorescence emission will shift (red colour). The ratio of green over red (as shown in Figure 5C) 
therefore indicates the ratio of damaged over healthy mitochondria. The data show that, in line 
with the onset of ROS, at QDot concentrations from 10 nM and above, a clear and significant 
increase in damaged mitochondria can be seen, at levels below those at which acute toxicity 
occurs (30 nM). The significant effects at concentrations below toxic levels clearly indicate that 
these results are not artifacts caused by cell death, but rather that the QDot-mediated onset of 
ROS precedes cell death. Together with the observation that NAC treatment can partially 
overcome QDot-induced toxicity, these results show that ROS induction is one of the prime 
mechanisms by which these NPs elicit toxic effects. 
As elevated ROS levels are known to possibly result in DNA damage, which may have far-
reaching consequences in the safety of these materials as this a hallmark of carcinogenicity, the 
occurrence of DNA double strand breaks was evaluated (Figure 5C). This was done by staining 
for phosphorylated -H2Ax foci, that are formed by the rapid phosphorylation of histone H2Ax at 
sites of DNA double strand breaks. Similar as for the loss of m, significant DNA damage was 
found to occur at doses at which acute toxicity was minimal (20 nM).  
Taken together, these data indicate that the QDot-induced ROS levels result in secondary effects 
which, at higher levels will result in cell death, but are still significant even at lower levels, where 
they induce cell stress or carcinogenicity.  
3.6. Effects of QDots on cell morphology and functionality. 
To further refine the non-toxic concentration of PMA-coated QDots and to analyze the 
contribution of time-dependent Cd2+ release, the morphology of QDot-exposed HUVECs was 
evaluated. As a primary human cell type with a typical well-spread morphology, these cells are 
perfectly suited to assess QDot-mediated disturbance of actin or tubulin cytoskeleton [14]. 
Furthermore, previous data on iron oxide NPs have shown that cell deformations usually occur 
after 2-3 days after initial cell exposure [14], making this an interesting parameter to study with 
respect to time-dependent Cd2+ release. Figure 7A,B reveals a concentration-dependent reduction 
in cell-spreading, which is in line with previous reports on various types of nanoparticles [36, 42, 
43]. Please note that for these assays, only low QDot concentrations (up to 20 nM) were selected 
that do not induce significant levels of acute cell death as the occurrence of apoptotic bodies or 
condensed cells would substantially influence the results obtained. The reduction in cell 
spreading correlates well with the onset of ROS, suggesting a possible influence of ROS in the 
cytoskeletal deformations. However, previous data have suggested the conjoined effects of 
multiple mechanisms to play a role in cell deformations, including 1) the endosomal localization 
of QDots resulting in enlarged lysosomal compartments [30] and 2) a loss of lysosomal 
functionality, resulting in large compartments containing high numbers of rigid NPs and hereby 
occupying a substantial part of the cellular cytoplasmic compartment, sterically hindering normal 
cytoplasmic functionality [36]. 
Next, the effect of the QDots on cell functionality was investigated. To evaluate the effect of 
Cd2+ release, the PC12 model system was used, which was previously found to be an excellent 
model for a fast, sensitive and quantifiable assessment of cell functionality upon nanoparticle 
exposure. In this assay, cell functionality is evaluated by induction of neurite outgrowth upon 
stimulation with nerve growth factor (NGF) [13]. When cells were exposed to QDots at 
nominally non-toxic concentrations, the outgrowth of neurites after 2 days of stimulus with NGF 
(4 days after initial cell exposure) was found to be significantly impeded at higher QDot 
concentrations (Figure 7C,D). 
3.7. Assessment of QDot functionality for comparative data analysis. 
Based on all the data obtained, the non-cytotoxic concentration of PMA-coated core/shell QDots 
of 4.7 nm CdSe/ZnS diameter is around 2 nM. Previously, the multiparametric methodology 
applied in the current study has been used to evaluate PMA-coated Au NPs of the same size and 
identical (PMA) surface coating [43] as well as commercially available polymer-coated core/shell 
QDots [36]. For the Au particles, the non-toxic level was found to be 10 nM, indicating a 5-fold 
higher toxicity of the QDots, owing to differences in the metal core of the NPs and the 
forthcoming photophysical properties of these materials as QDots, for instance, are well-known 
to produce ROS under light irradiation which less outspoken for Au NPs. Interestingly this value 
fits remarkably to very early studies, in which PMA-coated CdSe/ZnS QDots were found to be 
more than 3 times toxic than PMA-coated Au NPs [28]. Given the difficulties in accurately 
assessing NP concentrations [16], differences in the uniformity by which the PMA polymer 
covers the NPs and polydispersity differences between the two different NP types, these absolute 
values should however be treated with care and making comparisons should be done cautiously.   
Given the difficulties in comparing different NPs due to the problems associated with accurately 
determining NP concentrations [16], the applicability of the QDots for fluorescence cell tracking 
was evaluated at their non-toxic concentration (2 nM). In previous work, it was found that 
carboxyl-functionalized commercially available QDots of similar size tested under identical 
conditions were found to be non-toxic at 1 nM [36]. Note that also the PMA-coated QDots as 
used in this study are terminated by carboxyl-groups. Differences in the methods used for 
determining QDot concentrations are most likely the reason for the slight difference in the values 
of these studies [16]. At non-toxic concentrations, labeled cells were able to be monitored by 
fluorescence microscopy for approximately 4 cell doublings (Figure 8). In the end, the duration 
by which QDot labeled cells could be efficiently visualized at non-toxic conditions 
(approximately 4 cell doublings) was the same for both types of carboxylated Qdots (commercial 
and synthesized ones), indicating that both types of QDots resulted in similar efficiencies in terms 
of cell labeling strategies. The ability to track the cells by fluorescence microscopy is influenced 
by the number of QDots internalized by the cell, as well as other factors such as their coating, 
quantum yield. These data demonstrate that when assessing NP toxicity, the number of cell-
associated NPs determines cytotoxic effects rather than the total number of NPs added to the 
cells, which is in line with earlier findings [44]. Here, we demonstrated the importance of 
intracellular NP concentrations in the cytotoxicity of nanomaterials as well as the necessity to 
assess the functionality of the nanomaterials at non-toxic conditions. In the end, it is important to 
evaluate whether the NPs at their non-toxic concentration are still functional for the desired 
application, such as cell tracking. Especially given the difficulties in accurately determining NP 
concentrations, assessing their biomedical functionality appears like an informative and fruitful 
tool, which allows to compare particles with respect to both toxicological and technical features 
of the NPs, thereby providing a good overview of the respective NP strength for a selected 
purpose. 
4. Conclusions. 
In conclusion, the present work demonstrates the importance of NP degradation in the cellular 
microenvironment in the cytotoxic effects of nanomaterials. Therefore, the data collectively show 
that the toxicity induced by Cd2+ ions by CdCl2 addition is less substantial than the toxicity 
induced by Cd2+ derived from intracellular QDot degradation (when compared at the same 
intracellular free Cd2+ concentration). Please note that under the conditions used in this study, the 
majority of QDot-associated Cd2+ is not released and remains confined within the QDot core. 
These ions do not appear to play any major role in the toxicological effects of Cd2+ as when 
comparing the toxicity of CdCl2 and QDots based on the total amount of Cd2+ added, the QDots 
display less toxicity. Together, these data reveal that while current cadmium-containing QDots 
are well-suited for monitoring cell behavior by fluorescence microscopy for a low number of cell 
divisions, Cd2+-based QDot formulations do not appear to be optimally suited for long-term cell 
tracking after endosomal uptake. Optimization of QDot formulations can occur at both the level 
of the QDot core as at the level of the coating applied for QDot biofunctionalization. The current 
study demonstrates the need for specialized model systems, such as non-proliferating cells in 
order to be able to study this effect in more detail at later time points under conditions close to 
relevant physiological conditions. Additionally, there is a need for techniques that enable to 
determine the chemical state of all NP-associated ions in real-time in live cells. Considering the 
technical difficulties in terms of accurately assessing NP concentrations, it is also vital to 
accurately assess functional (= cell-associated) NP levels. In order to enable a comparison of 
different NPs, it is therefore more suited to use NP functionality (e.g. the ability to fluorescently 
visualize labeled cells) at non-toxic concentrations as the final parameter which determines NP 
safety, rather than comparing various NP concentrations, which may not be very insightful. 
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Figure legends. 
 
Figure 1: A) Representative confocal images of PC12 (top row), HUVEC (middle row) and 
C17.2 cells (bottom row) incubated with 15 nM PMA-coated QDots (left column: red) for 30 min 
in the presence of the lipophilic dye DiO (middle column: green). A merged image of both the 
QDots and the DiO positive endosomes is shown in the right column where the percentage of 
colocalization of both QDots and DiO positive endosomes is shown in the top right corner. Scale 
bars: 30 µm. B) The total number of QDots per cell as a function of the QDot concentration after 
24 h incubation. C) The number of QDot containing endosomal vesicles per cell as quantified 
from the microscopy images after 24 h of cell exposure to the QDots. Data are shown as mean + 
SEM (n = 4). For B and C, any difference between the different cell types in terms of total QDots 
per cell or total QDot clusters per cellvis indicated when statistically significant (*: p < 0.05; **: 
p < 0.01; ***: p < 0.001). D) Levels of free Cd2+ in suspensions of PMA-coated QDots at various 
pH values (7.4, 5.5, 4.5) as a function of time as determined by acid digestion of the QDots 
followed by quantitation of the level of Cd2+ by means of Cd2+-responsive fluorescence dye as 
described in the Supporting Information. Data are expressed as mean + SEM (n = 3). When 
appropriate, the degree of significance for any condition compared to the control value at pH 7.4 
is indicated (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
 
 
 
 
 
  
Figure 2: Transmission electron micrographs of A) C17.2, B) HUVEC and C) PC12 cells 
exposed to QDots for 24 h at 10 nM. The bottom figures are enlarged views of the respective 
areas indicated in the top figures. Scale bars: A, B: 200 nm, C: 100 nm. 
 
 
 Figure 3: A) Effect of pH on QDot fluorescence intensity. Relative fluorescence intensity levels 
of 5 nM suspensions of PMA-coated QDots at various pH values (7.4, 5.5, 4.5) as a function of 
time. Data are expressed as mean + SEM (n = 3) and the degree of statistical significance of 
treated samples versus control samples is indicated when appropriate (*: p < 0.05; **: p < 0.01; 
***: p < 0.001). B) Transmission electron micrographs of the QDots upon synthesis (B1) and 
after 2 days exposure to pH 3 (B2). Scale bars: B1: 10 nm, B2: 20 nm. 
 
 
 Figure 4: A-C) Levels of free Cd2+ in A) PC12, B) HUVEC and C) C17.2 cells exposed to 
various concentrations of PMA-coated QDots for 24 h and subsequently kept in non-proliferating 
state after which the cellular Cd2+ levels are measured after 1, 2, 3, 4 and 5 days. Data are 
expressed as mean + SEM (n = 3). Please note that only free Cd2+ was measured, no acid 
digestion was employed and any remaining QDots were found not to significantly interfere with 
the assay readout. 
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250 and 500 nM) of CdCl2 for 24 h. Data are expressed as mean + SEM (n = 3). ND: Non-
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